Introduction
Small amounts of Cr 3+ (50 -200 µg per day) are considered to be essential in both humans and animals. 1 Trivalent chromium is an essential element for glucose and lipid metabolism in mammals, and its deficiency produces symptoms of diabetes melituria. 2 Although chromium(III) is an essential nutrient, exposure to a high level may cause some health problems. 3 Thus, the determination of chromium samples is warranted by a narrow window of concentration between essentiality and toxicity.
Due to the vital importance of chromium(III) in many biological systems and industry, and the urgent need for a chromium(III)-selective electrode for the potentiometric monitoring of Cr 3+ in different environmental samples, we were interested in preparing a highly selective and sensitive sensor for determining of chromium(III). Many membrane sensors for determining trivalent metal ions have been reported, but little is known about chromium. 4 The two reports only concern Cr 3+ -selective sensors based on the use of 3,10-c-meso-3,5,7,7,10,12,14,14-octamethyl-1,4,8,11-tetraazacyclotetradecane diperchlorate 4 and a solid-state sensor with titanium dichalcogenides. 5 These sensors, however, suffer from a disadvantages of poor selectivity 6, 7 and significant interferences from some cations (e.g. Na + , Co 2+ , Ni 2+ , K + , Zn 2+ , Li + , Hg 2+ , Ca 2+ and Pb
2+
). In this work, we used TTCT (Fig. 1) as an electroactive material for a Cr 3+ ion-selective sensor. The proposed membrane sensor exhibits very good selectivity, fast response time, relatively long lifetime and wide working concentration range for the determination of chromium.
Experimental

Reagents
Reagent-grade dibutyl phthalate (DBP), orthonitrophenyloctyl ether (NPOE), oleic acid (OA), sodium tetraphenyl borate (NaTPB), tetrahydrofuran and high relative molecular weight PVC were purchased from Merck, and used as received. The nitrate salts of all cations used (all from Merck) were of the highest purity available, and were used without any further purification, except for vacuum drying over P2O5. The ionophore TTCT was synthesized and purified as described elsewhere. 6 Double-distilled deionized water was used throughout.
Preparation of the PVC membrane
The membrane components (4.0 -8.0 (w/w) TTCT ionophore, 0.0 -3.0% and 0.0 -20.0% (w/w NaTPB and OA, respectively), 41.0 -63.0% (w/w) plasticizer (DBP, and o-NPOE) and 33.0% (w/w) PVC) were mixed and dissolved in 5 ml dry THF. The resulting THF solution was poured onto a glass ring with an inner diameter of 30 mm resting on a smooth glass plate, and the THF was allowed to evaporate during 24 h with standing at room temperature. Transparent PVC membranes were obtained with an average thickness of 0.2 mm.
A 12 mm (approximately) diameter piece was cut out from the PVC membrane and attached to a PVC tube by means of a PVC-THF solution, as previously described. The PVC tube with the membrane was then connected to an Ag-AgCl inner electrode.
After filling with a solution of 10 -3 M CrCl3 as an internal solution, the sensors were conditioned for 24 h by soaking in 10 -2 M CrCl3, and well rinsed with distilled water and stored in air when not in use.
Emf measurement
All potential measurements were made with a Cornining ionanalyzer (Model 450). The sample solutions were stirred and thermostated at room temperature. The response of the sensor for chromium(III) ions was examined by measuring the electromotive force (emf) of the following electrochemical cell:
The emf was plotted as a function of the logarithm of the Cr 3+ ion concentration. The detection limit was taken at the point of intersection of the extrapolated linear segments of the calibration curve. The selectivity coefficients (K pot Cr,B ) were measured using the matched-potential method. 7 The pH of the Cr 3+ solutions was adjusted by adding an appropriate amount of 1 M hydrochloric acid or 1 M sodium hydroxide.
Results and Discussion
Potential response of various ion-selective electrode
Because of the existence of four nitrogens as donor atoms with a lipophilic property and a rigid structure of ionophore TTCT, it seems to form strong complexes with transition-metal ions. Thus, in primary experiments, for comparison purposes, the TTCT was used as a neutral ionophore to prepare several PVC membrane ion-selective electrodes under identical conditions for a variety of metal ions, including alkali, alkaline earth, transition and heavy metal ions. The potential responses obtained for different ion-selective electrodes are shown in Fig.  2 . As can be seen from Fig. 2 , except for the Cr 3+ ion-selective electrode, for all other cations, the slope of the corresponding potential pM plots is much lower than the expected Nernstian slopes of 59, 29.5 and 20 mV per decade for the univalent, bivalent and trivalent cations, respectively. However, Cr 3+ with the most sensitive response among all cations tried seems to be suitably determined with the membrane electrode based on TTCT. This is likely to be due to the high selectivity of the ionophore for chromium ion over other metal ions as well as the rapid exchange kinetics of the resulting Cr 3+ -TTCT complex.
Effect of the membrane composition
The potential response of TTCT membrane electrodes with different compositions at various Cr 3+ concentrations (10 -1 -10 -6 M) was studied. The values of the slopes are given in Table 1 . It can be seen from Table 1 that PVC membranes (No.1 -4) incorporating only TTCT with o-NPOE or DBP plasticizers exhibited sub-Nernstian slopes. The addition of anion additives (NaTPB and OA) (membranes No. 5 -11) improved the characteristics of the sensor (slope). We recently reported on the first use of oleic acid as a very suitable lipophilic additive in inducing perm-selectivity to some PVC-based ion-selective electrodes. [8] [9] [10] [11] [12] [13] [14] [15] It is noteworthy that some chemically modified forms of PVC-containing carboxylate groups (i.e. PVC-COOH) have already been used as more effective polymer matrixes than pure PVC in the construction of ion-selective electrodes. [16] [17] [18] It has been indicated that the dissociation process of PVC-COOH depends on the polarity of the plasticizer as well as on the pH of a test solution. 18 As is clear from Table 1 , the presence of 15% oleic acid result, in a considerable increase in the sensitivity of the electrode response. Moreover, the successful use of lipophilic mobile or immobilized sulfonic acids, such as dinonylnaphthalenesulfonic acid and poly(2-acrylamido-2-methyl-1-propanesulfonic acid-co-styrene) as an additive in the preparation of some cation-selective electrodes has also been reported in the literature. 19, 20 Their propounded influence on the response behavior of the electrodes is attributed to their strong association with positively charged species in the membrane phase. 19 It is interesting to note that, in membrane 7, the molar ratio of OA-to-TTCT is 2.5:1, which implies that oleic acid is not only a phase-transfer catalyst, but also contributes to the complexation mechanism, as described by Eugster et al. 21 
Calibration graph and statistical data
The response mechanism of neutral carrier-based sensors depends mainly on the extraction equilibrium at the vicinity of the interface between the membrane and the aqueous layer, 22, 23 as well as the concentration of the ionophore complex in the PVC membrane. Accordingly, an ionophore content of 6.0% (w/w) was chosen as the optimum level. The optimum performance characteristics were exhibited by sensor No. 7 containing 6.0% (w/w) TTCT, 15.0% (w/w) OA, 46.0% (w/w) o-NPOE and 33.0% (w/w) PVC. This sensor displays a Nernstian response over a concentration range of 10 -1 -10 -6 M Cr 3+ with a slope of 19.5 mV per decade and a detection limit of 7.0 × 10 -7 M. All further studies were carried out with this sensor, which generated stable potentials for a period of about 3 months. During this period, the standard deviation of 20 identical measurements made on 1.0 × 10 -4 M Cr 3+ was found to be ±0.3 mV. The relatively long lifetime of the proposed sensor is most probably due to the lipophilic character of the ionophore.
Effect of the pH
The influence of the pH of the test solution on the potential response of the membrane sensor was tested in the pH range 2.0 -7.0. The results are shown in Fig. 3 . As can be seen, the potential remains constant over a pH range of 3.0 -5.5, beyond which the potential changes considerably. The observed drift at higher pH values could be due to the formation of some hydroxy complexes of Cr ions in solution. The observed increase in the potential at low pH values indicates that the ionophore responds to the hydronium ion.
Dynamic response time
The dynamic response time is an important factor for any ionselective electrode. In this study, the practical response time was recorded by changing the Cr 3+ concentration in solution over a concentration range of 1.0 × 10 -6 to 1.0 × 10 -2 M. The actual potential versus time traces is shown in Fig. 4 . As can be seen, over the whole concentration range the electrode reaches its equilibrium response in a short time (<30 s). This is most probably due to the fast exchange kinetics of complexationdecomplexation of Cr 3+ ion with the ionophore at the test solution-membrane interface.
Effect of anions on the potential response of the Cr 3+ sensor
The effect of some anions on the response of the Cr 3+ ionselective sensor based on TTCT has been studied, and no significant change was observed using various anions, such as CH3COO -, NO3 -and SO4 2-ions.
Determination of the selectivity coefficients
The selectivity coefficient values (K pot Cr,B ) given in Table 2 indicate that the proposed electrode is sufficiently selective to Cr 3+ over a large number of foreign ions. As can be seen from Table 2 , the selectivity coefficients are on the order of 3.2 × 10 -3 or smaller, which seems to indicate negligible interference in the performance of the electrode assembly. Such a remarkable selectivity of the Cr 3+ membrane sensor over other metal ions reflects the high affinity of the TTCT used as an ion carrier toward the Cr 3+ ions. In Table 2 , the selectivity coefficients, detection limit, response time and linearity range of the electrode based on TTCT are compared with those of other chromium electrodes. As can be seen, the proposed selective chromium electrode results not only in selectivity coefficients, but also in the detection limit, response time and linearity range superior to all of the chromium ion-selective electrodes reported previously. 
Analytical applications
The practical utility of the proposed membrane sensor was tested by its use as an indicator electrode for the titration of 35 mL of 1.0 × 10 -5 M Cr +3 with 1.0 × 10 -3 M of EDTA, and vice versa. The resulting titration curve is shown in Fig. 5 . As can be seen, the amount of chromium or EDTA can be accurately, (1.0±0.05) × 10 -5 , determined with the electrode.
The electrode was also successfully applied to direct determinations of chromium(III) in different environmental (electroplating and leather tanning) samples. The results were compared with data obtained from atomic-absorption spectrometry (AAS) ( Table 3) . As can be seen from Table 3 , there is good agreement between both methods.
For the practical utility of the sensor and its ability to determine Cr(III) in the presence of Cr(VI), the proposed sensor was also used for the determination of Cr(III) in binary mixtures. The results are given in Table 4 . As can be seen, Cr(III) can be determined in the presence of various amounts of Cr(VI) with good accuracy. Recovery, %
